G
astroenteritis is a major cause of morbidity and mortality globally, especially in developing countries (1) . Annually, an estimated 1 billion cases of acute diarrhea occur in children under the age of 5, causing up to 2.5 million deaths (2) . A significant proportion of these cases are caused by viral pathogens, particularly rotaviruses and noroviruses (NV). With the advent of a rotavirus vaccine, NV now account for the majority of nonbacterial gastrointestinal (GI) epidemics worldwide (3) (4) (5) . In the United States alone, NV cause an estimated 23 million cases of acute gastroenteritis, leading to 50,000 hospitalizations and 300 deaths annually (6) . In the United Kingdom, NV were the most common pathogen (36%) in stool specimens from patients with GI infections, while in India and Peru, these viruses were detected in 31% and 15%, respectively, of pediatric patients hospitalized with gastroenteritis (7) (8) (9) . Norovirus outbreaks commonly occur under crowded conditions, such as in schools, hospitals, nursing homes, cruise ships, and restaurants (10, 11) . The symptoms typically resolve within 48 to 72 h and are limited to abdominal pain, nausea, vomiting, and diarrhea, although life-threatening dehydration can be fatal among infants or malnourished or elderly patients. Despite the significant global burden of NV illness, currently there is no effective vaccine.
Noroviruses are 23-nanometer, nonenveloped, positivestrand RNA viruses whose 7-to 8-kbp genomes encode three or four open reading frames (ORFs). ORF1 encodes a nonstructural polyprotein that is processed posttranslationally by the viral protease; ORF2 encodes the capsid protein, the major structural component, which also mediates viral entry into target cells; ORF3 encodes a small basic protein that is associated with virions and is required for capsid assembly (12) ; and ORF4, which is highly conserved, was recently shown to play a role in murine norovirus pathogenesis (13) . Despite the relatively brief duration of symptomatic NV illness, it is becoming increasingly clear that viral shedding can continue for weeks to months in immunocompetent individuals (14) (15) (16) (17) (18) and even for years in immunosuppressed patients (19) (20) (21) (22) . The immunologic and virologic basis for NV persistence, however, remains unknown.
Until recently, studies of immune responses to NV infection were hampered by the lack of cell culture systems or small-animal models. Field work and studies in human volunteers using live virus or nonreplicating virus-like particles (VLP) have documented IgG and IgA responses, although their role in the control of infection remains controversial. Early studies seemed to support the existence of short-term but not long-term immunity to NV infection (23) and even suggested a positive correlation between robust humoral responses and the development of clinical symptoms (24) (25) (26) (27) . In contrast, field studies in developing countries have shown protection from disease in children with high anti-NV titers (28, 29) , and more-recent data in humans and chimpanzees infected with NV have demonstrated antibody-mediated neutralization and protection after rechallenge with the same strain (30, 31) .
Three lines of evidence may help explain the conflicting results regarding the role of humoral immunity in NV clearance. First, noroviruses bind to histo-blood group antigens (HBGAs) expressed on host cell surfaces, with different NV strains exhibiting different HBGA binding affinities. Thus, HBGAs constitute genetically determined host susceptibility factors (32) (33) (34) (35) (36) (37) . This finding likely accounts for the observation that certain volunteers, previously assumed to clear infection rapidly, remain asymptomatic despite an absence of antibody responses. Second, similar to other RNA viruses, NV are highly diverse and evolve rapidly, and genetic shifts have been associated with severe outbreaks (10) . In line with these observations, repeat NV infections are common throughout adult life despite seroprevalence against NV approaching 100% by age 9 or 10 (38-40) and, to date, no study has demonstrated crossprotective humoral immunity against challenge with heterologous norovirus strains. Third, it is clear that, in addition to humoral immunity, both CD4 and CD8 T cell responses are involved in NV control, although the relative contributions of B and T cells to the adaptive immune response remain unclear (41) (42) (43) . For example, in a recent vaccine trial using inactive VLPs, the antibody responses were highly variable and, even when robust, did not consistently provide protection against rechallenge with the same strain, suggesting that humoral responses may not be sufficient to confer immunity to repeat NV infection (44) . Furthermore, chronic symptomatic NV infections in immunocompromised patients with decreased lymphocyte counts and normal immunoglobulin levels have been reported, consistent with a critical role for T cells in NV control (18, 20, 45) .
A major development in the field of norovirus research has been the discovery of murine noroviruses (MNV), a new genogroup of natural enteric mouse pathogens capable of growth in tissue culture (46) . This new model for NV infection has allowed the use of animal studies to dissect viral pathogenesis and immunity. To date, the MNV system has established a key role for innate immunity in MNV control by showing that infection is lethal in mice deficient in type I and II interferon (IFN) signaling or STAT1, while Mda5 Ϫ/Ϫ mice have higher viral loads but survive (47, 48) . In addition, mouse studies have shown that adaptive immune responses are also critical for MNV control. Thus, Rag1 Ϫ/Ϫ mice fail to clear MNV-CW3, while immunocompetent mice clear this same strain within 7 days. In addition, selective depletion of CD4 T cells, CD8 T cells, or B cells from wild-type mice impairs MNV clearance and leads to higher viral titers in the intestine and mesenteric lymph nodes (MLN) (49, 50) . Furthermore, adoptive transfer of splenocytes from MNV immune wildtype mice was sufficient to clear the same strain from chronically infected Rag1 Ϫ/Ϫ recipients (49) . Collectively, these studies establish that B and T cells are important for MNV clearance, although the relative contributions of virus-specific memory and effector subsets of the adaptive immune response remain incompletely understood.
An added advantage to the MNV system is the availability of multiple MNV strains with distinct biological behaviors. Specifically, with regard to persistence, both acute (MNV-CW3) and chronic (MNV-CR6) strains have been described (51, 52) . While MNV-CW3 is cleared within 7 to 10 days from the intestine of immunocompetent mice, the CR6 strain persists for at least several weeks (51) . We took advantage of this natural diversity of MNV strains to test the hypothesis that acute and chronic MNV infections are associated with quantitative and/or qualitative differences in the virus-specific CD8 T cell response. To this end, we identified an immunodominant and highly conserved major histocompatibility complex (MHC) class I-restricted epitope in the viral capsid (referred to hereafter as P1 519 [a 9-residue sequence beginning at position 519 of the P1 subunit of capsid]) and used MHC class I peptide tetramers to define and track P1 519 -specific CD8 T cells during CW3 and CR6 infection. We show here that oral infection with MNV resulted in robust T cell responses in the intestine and that MNV-specific CD8 T cells dynamically regulated the expression of a number of surface markers associated with activation, differentiation, and homing. Furthermore, both the magnitude and functionality of the CD8 T cell response elicited by MNV-CR6 were reduced compared to the response to MNV-CW3. Finally, we show that MNV-specific CD8 T cells were capable of decreasing the tissue burdens of MNV in chronically infected Rag1 Ϫ/Ϫ mice. These studies will provide new avenues for understanding acute and persistent mucosal infections and could guide the future development of effective NV vaccines.
MATERIALS AND METHODS
Viral stocks and plaque assay. Plasmids containing virion strains MNV-1.CW3 (GenBank accession number EF014462) and MNV-1.CR6 (GenBank accession number EU004676) were used to generate viral stocks as previously described (52) . Briefly, all cell lines were maintained at 37°C and 5% CO 2 in RPMI 1640 (Corning-Cellgro, Corning, NY) containing 10% fetal bovine serum, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 g/ml streptomycin (RPMI-CTCM). Concentrated viral stocks were produced by transfecting 293T cells (ATCC, Manassas, VA) using FuGENE-HD reagent (Promega, Madison, WI) according to the manufacturer's protocol (with a FuGENE/DNA ratio of 5:2). After 48 h, transfected 293T cells were lysed by freezing and thawing, cellular debris was removed by centrifugation (10 min at 3,000 ϫ g and 4°C), and the supernatant was transferred onto RAW 264.7 cells (ATCC, Manassas, VA) that had been plated at 2 ϫ 10 6 cells/well in 6-well plates 24 h earlier. After 48 h, RAW 264.7 cells were freeze-thawed and the supernatant was purified from the cellular debris as described above.
Mice and infections. Wild-type C57BL/6 and Rag1 Ϫ/Ϫ female mice, age 6 to 8 weeks, were obtained from Jackson Laboratory, Bar Harbor, ME. Mice from Jackson Laboratory are MNV free, and this was independently confirmed by plaque assay, serology, and quantitative PCR (qPCR). Mice were maintained in our facility in designated cages, and their bedding, food, and water were changed separately from other cages in order to maintain naive controls MNV free. Intravenous (i.v.) and oral (p.o.) infections were carried out by tail vein injection and oral gavage, respectively, using a maximum volume of 300 l per mouse containing a specified viral infectious dose. All mice were used in accordance with Institutional Animal Care and Use Committee guidelines for the University of Pennsylvania.
Tissue processing and lymphocyte isolation for flow cytometry. Spleens, mesenteric lymph nodes, and Peyer's patches were harvested in 2 ml of cold (4°C) sterile cell culture medium and homogenized through 70-m cell strainers. In the case of spleens, red blood cells were lysed with ammonium-chloride-potassium (ACK) lysing buffer (Life Technologies, Grand Island, NY) for 2 min and washed in cell culture medium. Small intestines were dissected free of fat and Peyer's patches, cut open longitudinally, washed clean of fecal material in phosphate-buffered saline (PBS), and placed in 10 ml of cold cell culture medium. To remove epithelial cells, intestines were incubated in stripping buffer (PBS containing 5 mM EDTA, 1 mM dithiothreitol, 5% fetal bovine serum, 100 IU/ml penicillin, and 100 g/ml streptomycin) and shaken at 160 rpm for 10 min at 37°C. After the supernatant was discarded, intestines were incubated again in stripping buffer and shaken at 160 rpm for 20 min at 37°C. The supernatant, containing intestinal epithelial cells (IEL), was passed through a 70-m cell strainer, washed in cell culture medium, resuspended in cell culture medium containing 40% Percol, and subjected to centrifugation at 600 ϫ g at room temperature for 20 min (without break). Following centrifugation, the supernatant was carefully removed and the cell pellets were washed in cell culture medium. After IEL stripping, lamina propria lymphocytes (LPL) were isolated by incubating intestines in cell culture medium containing 0.5 mg/ml collagenase-dispase (Roche Diagnostics, Indianapolis, IN) and 20 g/ml DNase I (Sigma-Aldrich, St. Louis, MO) for 20 min at 37°C with shaking at 160 rpm. LPL were passed through a 70-m cell strainer, washed, and centrifuged in 40% Percol as described above.
In vitro stimulation and flow cytometry. Equal numbers of cells (10 6 ) were plated in duplicate in separate flat-bottom 96-well plates in RPMI-CTCM. One plate was used for surface staining with tetramer and the antibodies indicated below; the second plate was used for stimulation assays followed by intracellular staining (ICS). For ICS, GolgiStop and GolgiPlug (BD Biosciences, San Diego, CA) and 0.4 g/ml of peptide or phorbol myristate acetate (PMA)-ionomycin (5 ng/ml and 500 ng/ml, respectively) were added and plates were incubated at 37°C and 5% CO 2 for 5 h. Cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences, San Diego, CA) according to the manufacturer's protocol. MHC class I peptide tetramers were prepared as previously described (53) . The following antibodies were used for ICS and surface stains. Peptide library screen. A library consisting of 292 18-amino-acidlong peptides, overlapping by 9 amino acids and spanning the MNV-CR6 proteome, was synthesized by GenScript (Piscataway, NJ). All peptides were initially resuspended in dimethyl sulfoxide (DMSO) at a concentration of 40 mg/ml. The library was screened 64 peptides at a time. For a given screen, the 64 peptides were distributed into 12 pools with 16 peptides per pool according to the matrix shown in Figure 2B (so that each of the 64 peptides was represented in 3 different overlapping pools). Peptide pools were used for in vitro stimulation of splenocytes, followed by ICS and flow cytometry as described above.
Viral quantification. Viral titers were determined by plaque assay as follows. RAW 264.7 cells were plated at a density of 2 ϫ 10 6 cells per well in 6-well plates. Twenty-four hours later, the medium was removed and replaced with 0.5 ml per well of serially diluted virus-containing supernatant. The plates were placed on a rocker at room temperature for 1 h. The virus-containing medium was then removed and replaced with 2 ml/well of overlay medium (RPMI 1640 containing 10 mg/ml methylcellulose, 5% fetal bovine serum, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 g/ml streptomycin), and the plates were incubated for 48 to 72 h. Plaques were visualized and counted after removing the overlay medium, washing the cells with PBS, fixing with 20% ethanol containing 0.1% crystal violet for 1 h at room temperature on a rocker, and washing with water.
For qPCR assays, fecal pellets or tissue samples were weighed, frozen, and stored at Ϫ80°C. Tissues were homogenized using steel beads and a TissueLyser II (Qiagen, Valencia, CA). RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. cDNA was prepared from RNA samples using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad, CA) according to the manufacturer's instructions, with the following amplification settings: 10 min at 25°C, 120 min at 37°C, and 5 min at 85°C for one cycle. For TaqMan qPCR, the forward and reverse primers used were CA CGCCACCGATCTGTTGTG and GCGCTGCGCCATCACTC, respectively. The MNV probe was CGCTTTGGAACAATG. qPCRs were carried out using TaqMan universal PCR master mix (Applied Biosystems, Carlsbad, CA) in 10-l reaction mixture volumes according to the manufacturer's instructions, with the following amplification settings: 15 s at 95°C and 1 min at 60°C for 40 cycles. All samples were assessed in triplicate, and the results were standardized to total RNA per sample.
Lymphocyte adoptive transfer. CD8 T cells from the spleen were purified by negative selection using magnetically activated cell sorting beads (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Tetramer sorts were performed on an Aria II instrument (BD Immunocytometry Systems, San Jose, CA) by gating on live, CD8 ϩ , CD44 HI , tetramer ϩ cells, and a purity check confirmed successful sorting (Ͼ95% purity). Cells were maintained strictly at 4°C for the entire sorting procedure. Sorted cells were transferred intravenously into recipient mice.
Phylogenetic analysis. Ninety NV sequences representing all known genogroups were obtained from GenBank. The evolutionary history was inferred using the neighbor-joining method (54) . The evolutionary distances were computed using the Kimura 2-parameter method (55) . All positions containing gaps and missing data were eliminated. There were a total of 228 positions in the final data set. Evolutionary analyses were conducted in MEGA5 (56) .
MHC class I peptide binding prediction. The Immune Epitope Database (IEDB) Analysis Resource (http://tools.immuneepitope.org/main/) (57) was used to predict the binding affinities of peptides for mouse and human MHC class I molecules. This method uses a number of known prediction algorithms to estimate 50% inhibitory concentrations (IC 50 s) in nM, with IC 50 of Ͻ50 nM considered high affinity. When multiple prediction methods are used, the results are collapsed into a single percentile ranking. Logos representing consensus epitope motifs were generated using WebLogo (http://weblogo.berkeley.edu/logo.cgi) (58) .
RESULTS

Oral MNV infection induces T cell responses at mucosal sites.
Previous work has shown that CD4 and CD8 T cells are required for MNV clearance (49); however, the magnitude and timing of the cellular immune response to the virus is unknown. To begin to address this issue, we used p.o. inoculation to infect mice with MNV-CR6, a strain that establishes persistent infection in wildtype mice (52) . On day 8 postinfection, lamina propria lymphocytes (LPL) of the small intestine were stimulated with PMA-ionomycin in vitro and cytokine production was assessed by flow cytometry. As shown by the results in Figure 1A , compared to naive controls, MNV infection induced populations of IFN-␥-producing CD4 and CD8 T cells in the LP. We also examined T cell responses in other gut-associated lymphoid tissues, including mesenteric lymph nodes (MLN) and Peyer's patches (PP), as well as systemic responses in the spleen. In contrast to the LP, T cell activation in all nonmucosal sites was significantly weaker ( Fig. 1B and C; also data not shown). Thus, at day 8 following oral infection with MNV-CR6, IFN-␥-positive CD4 and CD8 T cells were detected mainly in the intestinal mucosa.
Identification of an immunodominant MNV-specific CD8 T cell epitope. The above-described results are consistent with an important role for mucosal T cell responses in natural MNV infection. To better define this adaptive immune response, we conducted a screen to identify virus-specific CD8 T cells. We used a peptide library consisting of 292 18-amino-acid-long peptides, overlapping by 9 amino acids and spanning ORF1 to -4 of MNV-CR6. These peptides were used to screen for MHC class I-restricted epitopes, based on their ability to elicit cytokine production (IFN-␥ and TNF-␣) by antigen-specific CD8 T cells.
The data shown in Figure 1 indicate that mucosal infection with MNV results in T cell activation primarily in the intestine. However, for the purposes of a large-scale peptide screen, isolating large numbers of viable LPL was technically infeasible. It has previously been reported that, although it is a natural enteric pathogen, MNV is capable of initiating infection by intracerebral, intranasal, and intraperitoneal routes (47) . We hypothesized that MNV-CR6 might also be capable of establishing infection via i.v. inoculation and that this might lead to a systemic immune response, allowing us to isolate and assay large numbers of T cells from the spleen. To test this possibility, we infected mice i.v. with MNV-CR6 and used flow cytometry to detect IFN-␥ production by T lymphocytes from the spleen (SPL) after in vitro stimulation with PMA-ionomycin. As shown by the results in Figure 2A , CD8 T cell activation could be detected in the spleens of infected mice on day 8 following i.v. infection. Although the magnitude of the splenic lymphocyte response was small, it was consistent and reproducible over multiple experiments (data not shown). Thus, i.v. infection with the mucosal pathogen MNV-CR6 results in activated T lymphocytes in the spleen, allowing the use of splenocytes for epitope identification.
To identify MHC class I epitopes, we divided our peptide library into a 3-dimensional (3-D) matrix of 12 overlapping peptide pools ( Fig. 2B ; also see Materials and Methods). Following i.v. infection with MNV-CR6, splenocytes were isolated and stimulated with peptide pools, and the production of cytokines was assessed by flow cytometry. An example of a 12-pool screen is shown in Figure 2C . The peptide candidates identified were further analyzed using the IEDB and were assigned a percentile rank based on their predicted IC 50 binding of K b or D b molecules (57) .
Of the 28 peptides initially identified, 11 received a percentile score of Ͻ1 and were further tested. As shown by the results in Figure 2D , one of the 11 candidate peptides that were individually tested, ORF2 514-531 (amino acids 514 to 531 of ORF2), resulted in robust CD8 T cell responses as measured by IFN-␥ and TNF-␣ production. Several other subdominant MHC class I epitopes were also identified ( Fig. 2D) .
Characterization of the minimal immunodominant epitope in peptide ORF2
514-531 . The 18-amino-acid-long peptide (ORF2 [514] [515] [516] [517] [518] [519] [520] [521] [522] [523] [524] [525] [526] [527] [528] [529] [530] [531] ) identified in our screen ( Fig. 2D ) was derived from the C terminus of the P1 subunit of capsid. Based on IEDB analysis, a 9-residue sequence beginning at position 519 within this peptide was predicted to be an immunodominant H-2K b epitope (referred to herein as epitope P1 519 ) (Fig. 3A ). An examination of multiple known MNV strains showed that P1 519 is highly conserved, with variation only at position 7 (corresponding to position 525 in ORF2) between tyrosine (Y) or phenylalanine (F) (Fig.  4 and Table 1 ). We compared the two versions of epitope P1 519 to the consensus motif for H-2K b (Fig. 3B ). An aliphatic residue (Leu) in the C-terminal position 9 and an aromatic residue (Phe or Tyr) at position 7 likely act as the anchors, although H-2K b anchor residues are classically separated by two amino acids (Fig.  3B) (59, 60) . Given the noncanonical arrangement of P1 519 , we wanted to confirm that this 9-amino-acid peptide was capable of stimulating CD8 T cell responses and determine whether the differential usage of an aromatic residue at position 7 (F versus Y) affected T cell activation. Therefore, two strains of MNV were used that differ at position ORF2 525 , strain MNV-CR6 (ORF2 525F ) and strain MNV-CW3 (ORF2 525Y ). Eight days following i.v. infection with MNV-CR6 or MNV-CW3, splenocytes were isolated and stimulated in vitro with the original 18-amino-acid-long peptide or either of two 9-amino-acid derivatives (P1 519F or P1 519Y ) (Fig. 3C) . Stimulation with any of the three peptides induced cytokine production, although more-robust responses were noted when the epitope sequence matched the infecting strain of virus. Furthermore, in the case of CR6 infection, stimulation with the 18-mer resulted in a level of stimulation comparable to that of the predicted 9-amino-acid epitope, consistent with P1 519 being the minimal MHC I binding sequence within ORF1 [514] [515] [516] [517] [518] [519] [520] [521] [522] [523] [524] [525] [526] [527] [528] [529] [530] [531] . Based on these data, two separate MHC class I tetramers (Kb-P1 519F and Kb-P1 519Y ) were synthesized using 9-mers derived from MNV-CR6 and MNV-CW3.
Epitope P1 519 is highly conserved among all norovirus genogroups. We next examined whether a sequence homologous to epitope P1 519 might be present in noroviruses that infect other species, including humans. Based on capsid sequence analysis, noroviruses have been divided into 5 genogroups, with human strains occupying groups I and II and murine viruses in group V (61, 62) . Genogroups I and II, in turn, are subdivided into 14 and 17 subtypes, respectively. We picked NV strains representing all genogroups and subtypes and constructed a phylogenetic tree to examine diversity in ORF2, which contains P1 519 (Fig. 4) . Consistent with previous phylogenetic studies, our analysis demonstrated that noroviruses are a highly heterogeneous family (61) . Strikingly, an alignment of the P1 sequence of all species from our phylogenetic analysis revealed the presence of a sequence homologous to epitope P1 519 in all five genogroups, including human noroviruses (Fig. 4 and Table 1 ). Within GI and GII, four of the nine residues, including the putative anchor residues, were completely conserved among all human norovirus strains examined (positions 2, 3, 7, and 9), and an even higher degree of conservation was observed within individual human genogroups (Table 1) .
We used the IEDB Analysis Resource to predict the affinities of common human HLAs for the P1 519 epitopes from genogroups I and II. Table 2 summarizes the results of this query for HLAs that received a percentile rank score of Ͻ1.5, as well as showing the consensus binding motifs for each of these molecules. Most HLAs shown in Table 2 have a Leu (or other aliphatic amino acid) in the C-terminal anchor position. A Tyr at position 2 often serves as the second anchor point; however, in epitope P1 519 , this position is occupied by Trp, another aromatic residue. Collectively, these computational and phylogenetic analyses suggest that the P1 519 epitope is conserved across multiple NV genogroups. Combined with the immunogenicity of this epitope in the murine model, these findings provide a potential target for future vaccination strategies aimed at eliciting a strong cellular immune response. 
Robust epitope P1
519 -specific T cell responses following MNV infection. To determine whether P1 519 -specific CD8 T cells were generated in the setting of physiological enteric infection, mice were infected p.o. with MNV-CR6 or MNV-CW3. Consistent with previous data (51, 52), strain CR6 established persistent infection in immunocompetent mice, while CW3 was cleared by day 7 p.i. (Fig. 5A) . On days 8, 15, and 29 p.i., LPL, intraepithelial lymphocytes (IEL), MLN, and SPL were isolated and analyzed by flow cytometry using tetramer staining (Fig. 5B) . Note that for these analyses, we used the Kb-P1 519 tetramer matched to the sequence of the virus (i.e., Kb-P1 519Y and Kb-P1 519F for MNV-CW3 and MNV-CR6, respectively). Consistent with data from the experiments whose results are shown in Figure 1 , the P1 519 CD8 T cell response was most robust in the intestine (Fig. 5B ). This observation was particularly striking in the case of MNV-CW3, where up to 30% of CD8 LPLs were specific for P1 519Y (Fig. 5C ). In contrast, while the responses to MNV-CR6 were also most pronounced in the LP, the magnitude of the responses were 3-to 4-fold lower than observed for MNV-CW3 (Fig. 5C and D) . Of note, the absolute numbers of LPL and IEL were not significantly different between naive mice and mice infected with either MNV strain (data not shown).
In the case of MNV-CW3, time course analysis of Kb-P1 519Y staining revealed a classic kinetic response curve, with expansion, contraction, and maintenance of antigen-specific CD8 T cells in the lamina propria. In contrast, infection with MNV-CR6 resulted
FIG 4 Epitope P1
519 is highly conserved among all Norovirus genogroups. We constructed a phylogenetic tree containing members of all genogroups and genotypes (GenBank accession numbers are indicated). The evolutionary history was inferred using the neighbor-joining method (54) . The optimal tree with the sum of branch length of 5.06925373 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Kimura 2-parameter method (55) and are in units of the number of base substitutions per site. The analysis involved 90 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 228 positions in the final data set. Evolutionary analyses were conducted in MEGA5 (56) . A sequence homologous to the P1 519 epitope identified in this study was present in the C terminus of capsids from all sequences analyzed (see Table 1 for the precise epitope motif of each clone shown here). The 9-amino-acid consensus sequences for genogroups I, II, and V are shown. In the logos, the height of each column of letters is equal to the information content (in bits) at the given position in the epitope. The relative height of each letter within each column is proportional to the frequency of the corresponding amino acid at that position (generated using WebLogo, http://weblogo.berkeley.edu/logo.cgi) (58) .
in a blunted initial P1 519F -specific response that failed to show a clear peak at day 8 p.i. (Fig. 5E and F) . However, at days 15 and 29 p.i., the responses to CW3 and CR6 were similar in magnitude. Together, these data show that we are able to track MNV-specific intestinal CD8 T cells and that the magnitude and kinetics of the CD8 responses differ between two viruses with distinct biological behaviors.
Antigen-specific CD8 T cell responses to an acute and a persistent strain of MNV are phenotypically distinct. During effector and memory T cell differentiation, the dynamic expression of cell-surface molecules is critical for tissue-specific localization and can be tracked by flow cytometry. Changes in these and other surface markers also reflect integration of signals received during activation and, thus, can provide insights into the differentiation program of the cells. To begin to define the temporal expression of key surface markers on antigen-specific T cells responding to mucosal MNV-CR6 and MNV-CW3 infection, we focused on LFA-1 (CD11a), VLA-1 (CD49d), and ␣E␤7 (CD103), as these integrins are expressed differentially on mucosal versus peripheral epitopespecific CD8 T cell subsets during lymphocytic choriomeningitis virus (LCMV) or Sendai virus infection (64, 65) . Since MNV-CW3 and MNV-CR6 differ in their ability to persist, we further examined the expression of PD-1, a marker associated with T cell exhaustion in a number of chronic infections (66) . Our analyses focused on LPL, where the largest MNV-specific CD8 T cell re- Figure 4 is shown.
sponses were found (Fig. 5B to D) . As shown in Figure 6A , infection with either strain of MNV resulted in upregulation of LFA-1 ␣-chain, CD11a, on day 8 p.i. compared to its level in naive T cells. High expression of CD11a was maintained on CW3-specific T cells for at least 1 month following infection; in contrast, CD11a was gradually downregulated on CR6-specific CD8 T cells and by day 29 p.i. had returned to baseline. Like CD11a, CD49d (the ␣-chain of VLA-1) was upregulated on day 8 p.i. regardless of the infecting MNV strain (Fig. 6B) . By day 15, both CW3-and CR6-specific lymphocytes had significantly downregulated CD49d expression, although in the case of CW3, expression remained above baseline even at day 29. Finally, as previously reported, intestinal lymphocytes in naive mice expressed high levels of CD103, the ␣ subunit of the gut-homing integrin ␣E␤7 (67). In contrast, the presence of a CD103 LO population (approximately half of MNVspecific LPL at day 8 p.i.) suggests that these cells were being recruited to the intestine from nonmucosal sites (Fig. 6C) . By day 29, nearly all CR6-specific T lymphocytes had transitioned to a CD103 HI phenotype; in contrast, the distribution of CD103 on CW3-specific LPL remained bimodal.
As expected, PD-1 was upregulated at day 8 p.i. on both CR6-and CW3-specific T cells, consistent with the expression of this molecule during early T cell activation (Fig. 6D) . High expression of PD-1 on antigen-specific CD8 T cells has also been associated with T cell exhaustion and dysfunction in the setting of certain chronic infections (66) . While the mechanism by which MNV-CR6 establishes persistent infection in wild-type mice is currently unknown, we hypothesized that CR6-specific but not CW3-specific LPL might maintain high levels of PD-1 expression at late time points. Contrary to our prediction, PD-1 expression was higher on CD8 T cells responding to MNV-CW3 than on those cells responding to MNV-CR6 infection at all time points examined. Collectively, these data show that, in addition to the difference in magnitude of the antigen-specific responses elicited by MNV-CW3 and MNV-CR6, these two strains result in P1 519 -specific CD8 T cell populations with distinct immunologic profiles. In the case of MNV-CR6, the pattern of integrin expression at late time points is consistent with virus-specific cells residing in the intestine. In contrast, the expression of these same molecules on CW3-specific CD8 T cells suggests that these cells either downregulate integrin expression over time or are continuously recruited from peripheral sites. While our experiments do not directly test these possibilities, immune surveillance by continuous recruitment of peripherally primed CD8 T cells to sites of infection has previously been demonstrated (68) . Finally, the finding that infection with MNV-CR6 is not associated with PD-1 upregulation at late time points suggests that, in contrast to other chronic pathogens, MNV persistence is not associated with a previously described phenotype of classic CD8 T cell exhaustion.
Persistent MNV infection is associated with decreased functionality of virus-specific CD8 T cells. A number of persistent viral infections have been associated with dysfunctional T cell responses (53, 66) . Although PD-1 was not upregulated during chronic MNV-CR6 infection (Fig. 6D) , we wanted to examine whether, compared to MNV-CW3, MNV-CR6 leads to CD8 T cells with altered functionality. To test this possibility, we infected mice with MNV-CW3 or MNV-CR6 p.o. and analyzed epitopespecific CD8 T cells in two ways, (i) by tetramer staining with Kb-P1 519Y or Kb-P1 519F or (ii) by in vitro stimulation with peptide P1 519Y or P1 519F (Fig. 7A) . Consistent with our earlier results, after infection with MNV-CW3 or MNV-CR6, approximately 3.2% and 0.3%, respectively, of CD8 T cells in the spleen stained positive for the corresponding tetramer at day 8 p.i. (Fig. 7A) . In a parallel analysis, in vitro stimulation with peptide P1 519Y or P1 519F resulted in IFN-␥ production by 1.8% and 0.16% of CD8 T cells, respectively (Fig. 7B, 1st column) . Thus, approximately one half of tetramer-positive CD8 T cells from either CW3-or CR6-infected animals are capable of producing IFN-␥ at day 8 p.i. (Fig.  7B, 1st column, numbers in black). Similarly, approximately onethird of tetramer-positive splenocytes produced TNF-␣ after infection with either MNV-CW3 or MNV-CR6 (Fig. 7B, 2nd column). In contrast, a greater fraction of the total MNV-CR6-than of the MNV-CW3-specific CD8 T cell population produced MIP-1␣ or granzyme B (GZM-B) (Fig. 7B, 3rd and 4th columns) . This difference in the fractions of MIP-1␣-and GZM-B-producing cells could reflect improved functionality of CD8 T cells specific for MNV-CR6; alternatively, it could be due to skewing of the MNV-CR6 response toward MIP-1␣ and/or GZM-B production at the expense of other cytokines. To begin to address this issue, we compared cytokine, chemokine, and GZM-B coproduction in the setting of MNV-CW3 or MNV-CR6 infection (Fig. 7C ). This analysis showed that, compared to the results for MNV-CR6, a significantly greater fraction of CW3-specific CD8 T cells in the spleen were polyfunctional, as measured by the ability to coproduce two effector functions in various combinations. These observations were also true for IEL in the intestine (Fig. 7D) . Next, we profiled CD8 T cells from MNV-CW3-and MNV-CR6-infected mice with respect to their ability to coproduce various combinations of four functions (IFN-␥, TNF-␣, MIP-1␣, and GZM-B) in response to stimulation with peptide P1 519 . This analysis confirmed the existence of a significant fraction of CD8 T cells producing only GZM-B and MIP-1␣ during MNV-CR6 infection and, also, revealed a greater frequency of MNV-specific CD8 T cells producing all four cytokines in response to MNV- 519 , and therefore, tetramers matching the appropriate strain were used in these experiments. In the experiment whose results are shown in panel A, naive cells were from the spleen; in the experiment whose results are shown in panel E, naive cells were from the LP. Naive cells from MLN and IEL showed similar backgrounds of tetramer staining (data not shown). *, differences between groups by the unpaired t test were statistically significant (P Ͻ 0.05).
CW3 (Fig. 7E) . Figure 7F shows a summary of the functional profiles of splenic CD8 T cells from MNV-CW3-and MNV-CR6-infected mice in terms of total number of functions performed. Particularly striking in this analysis is the finding that the majority (69%) of CD8 T cells responding to MNV-CR6 performed only one of the four functions analyzed. When this analysis was applied to IEL, similarly diminished functionality was observed (Fig. 7G) . Since our analysis is limited to IFN-␥, TNF-␣, GZM-B, and MIP-1␣, we cannot rule out the possibility that MNV-CR6-specific CD8 T cells remain polyfunctional with respect to other cytokines or functions. However, these data suggest that persistent infection with MNV is associated with inefficient acquisition and/or maintenance of polyfunctional capability with respect to cytokines, chemokines, or cytotoxic potential. P1 519 -specific CD8 T cells can decrease MNV replication and shedding in persistently infected Rag1 ؊/؊ mice. While MNV-CR6 establishes persistent infection in wild-type mice, MNV-CW3 is cleared from the terminal ileum (TI) by day 8 p.i. (Fig. 5A ) (49) . Unlike wild-type animals, Rag1 Ϫ/Ϫ mice fail to clear infection from the TI and become persistently infected with MNV-CW3 (49). Chachu et al. have shown that virus levels in persistently infected Rag1 Ϫ/Ϫ mice can be reduced by adoptive transfer of total splenocytes from CW3 immune donors. Furthermore, viral control in these studies required the presence of all three components of the adaptive response, i.e., B cells and CD4 and CD8 T cells, as selective depletion of any one of these subsets prior to transfer led to incomplete viral clearance (49, 50) . The relative importance of specific B or T cell subsets individually to MNV clearance, however, has not been examined. We used the Rag1 Ϫ/Ϫ model of persistent MNV infection to assess the antiviral capacity of P1 519 -specific CD8 T cells in vivo (Fig. 8A) . Rag1 Ϫ/Ϫ mice were infected p.o. with MNV-CW3, and persistent viral shedding over 27 days was confirmed by qPCR (data not shown). To generate a robust population of antigen-specific CD8 T cells, wild-type C57BL/6 mice were infected p.o. with MNV-CW3. Spleens from these donor mice were isolated on day 8 p.i., and P1 519Y -specific CD8 T lymphocytes were sorted and adoptively transferred to persistently infected Rag1 Ϫ/Ϫ mice ( Fig. 8A and B) . To test whether the magnitude of the CD8 T cell response has a functional effect on the viral burden, Rag1 Ϫ/Ϫ mice received 50,000 (1ϫ group), 150,000 (3ϫ group), or 450,000 (9ϫ group) sorted Tet ϩ CD8 T cells on day 15 p.i. In addition, a control group of infected Rag1 Ϫ/Ϫ mice did not receive any cells (0ϫ group), and a second control group of Rag1 Ϫ/Ϫ mice received cells but were kept MNV free (naive group).
Viral shedding was followed longitudinally during the experiment by measuring genome copy number in fecal pellets. By day 27, a similar overall decrease in viral shedding was observed HI cells is shown. For all comparisons, groups of 8 mice were used. *, differences between groups by the unpaired t test were statistically significant (P Ͻ 0.05). among all groups that received Tet ϩ cells (data not shown). However, the rate of decline during the first 7 days following adoptive transfer was proportional to the number of transferred cells, although this trend did not achieve statistical significance (Fig. 8C) .
Rag1 Ϫ/Ϫ mice were sacrificed 12 days after adoptive transfer (day 27 p.i.), and tissues were analyzed for the presence of donor lymphocytes and MNV titers. As shown by the results in Figure  8D , CD8 ϩ lymphocytes were readily detectable in the spleen and LP of Rag1 Ϫ/Ϫ mice that received adoptively transferred cells, although there were no significant differences in the frequencies or Error bars show standard deviations. *, differences between groups by the unpaired t test were statistically significant (P Ͻ 0.05).
total numbers of Tet ϩ cells in tissues of mice from the 1ϫ, 3ϫ, or 9ϫ groups (Fig. 8E) . As expected, no CD8 lymphocytes were detected in the 0ϫ group (Fig. 8D) . In addition, Tet ϩ cells did not expand in naive recipients (Fig. 8D) , indicating that the expansion of these effector cells was in response to MNV infection rather than homeostatic proliferation, consistent with previously published data for adoptive immunotherapy of LCMV carrier mice (69) . As expected, CD2
ϩ CD8 ϩ lymphocytes in recipient mice stained positive for tetramer and produced IFN-␥ upon in vitro stimulation with P1 519Y (data not shown). Furthermore, there were no differences in CD11a, CD103, or PD-1 staining between the three groups of infected recipients (data not shown).
To test whether transfer of MNV-specific Tet ϩ cells affected the viral burden in a dose-dependent manner, plaque assays and genome copy number counts in multiple tissues were used to monitor viral load. At day 27, viral loads were reduced by approximately 10-fold in all three groups of infected recipients ( Fig. 8F  and G) . The greatest decrease in viral titer was seen in the terminal ileum, where virus was undetectable by plaque assay in the 3ϫ and 9ϫ groups (Fig. 8F) . At this late time point (12 days after transfer), we did not observe significant differences between the 1ϫ, 3ϫ, and 9ϫ groups, likely due to the fact that an equilibrium between viral reinfection and Tet ϩ CD8 T cell responses had been reached. Thus, these data suggest that CW3-specific CD8 T cells contribute to viral control in multiple tissues independently of other arms of the adaptive immune system.
DISCUSSION
Human noroviruses are estimated to cause 267 million infections and 200,000 deaths per year (70) . While the burden of this disease is highest in developing countries, recent data from the CDC suggest that mortality from NV gastroenteritis is rising in the United States (71) . Vaccine efforts to date have focused on eliciting antibodies that neutralize the binding of the P2 region of ORF2 to cell surface HBGAs (72) . Due to the rapid emergence of novel P2 variants in response to herd immunity (particularly among members of genocluster GII.4, which account for Ͼ80% of human infections), developing a broadly neutralizing vaccine has been challenging (70, 72) . Furthermore, despite recent progress in mapping antibody epitopes and elucidating cross-blockade patterns among NV genogroups, the existence of long-term protective humoral immunity remains controversial (70) .
In contrast to humoral immunity, cellular responses to human NV infection have been largely uncharacterized, despite the fact that CD4 and CD8 T cell responses have been demonstrated in both infected and control volunteers (41, 73) . Indeed, T cells are critical for the control of a number of other mucosal pathogens, including influenza virus and HIV (74, 75) . The importance of defining the T cell component of NV immunity is further highlighted by a growing recognition that noroviruses are capable of establishing chronic mucosal infection in both immunocompromised and immunocompetent hosts (14) (15) (16) (17) (18) .
In the present study, we use the murine model of NV infection to build upon previous work by Chachu et al., which established a critical role for CD8 T cells in the control of MNV infection (49) . Our results demonstrate that (i) mucosal MNV infection elicits a robust CD8 T cell response specific for epitope P1 519 , (ii) this epitope is highly conserved in the P1 region of capsid proteins from all NV genogroups and seems to account for the majority of the CD8 T cell response, (iii) the magnitude and quality of the epitope-specific CD8 T cell responses differ dramatically for strains that cause acute versus chronic infection, with persistent MNV infection being associated with fewer and less-functional CD8 T cells at mucosal sites, and (iv) sufficient numbers of functional P1 519 -specific CD8 T cells are capable of reducing fecal viral shedding and tissue viral loads during persistent infection even in the absence of other components of adaptive immunity. We believe that these findings have the potential to affect future NV vaccine development and, more broadly, can serve as a starting point for understanding chronic mucosal infections.
The findings presented here could inform future vaccine development in two ways. First, we have established that virus-specific CD8 T cells are not only critical for control of MNV infection but are also sufficient for decreasing titers in chronically infected Rag1 Ϫ/Ϫ animals. Thus, while antibodies clearly contribute to the control of natural NV infection, harnessing the T cell response might be another important goal for future vaccine designs. Second, we have identified a conserved immunodominant MHC class I epitope that could serve as a specific target in future vaccination strategies aimed at eliciting broadly neutralizing protective T cell immunity. Before our findings in the MNV system can be translated into useful clinical applications, they must first be validated in humans. Recent work by Lindesmith et al. has demonstrated that CD4 ϩ and CD8 ϩ peripheral blood mononuclear cells (PBMCs) from infected volunteers are capable of producing IFN-␥ upon restimulation with VLPs in vitro (41, 73) . Furthermore, subsets of both acutely infected individuals and control subjects showed T cell responses after stimulation with heterotypic VLPs, suggesting the existence of T cell memory and/or cross-stimulation of the T cell receptor (TCR) by closely related epitopes. It would be interesting to test whether such T cell responses could be elicited by stimulation with peptide P1 519 and/or to map other immunodominant MHC class I epitopes from human NV. A related question is whether, compared to infection with live virus, vaccination with nonreplicating VLPs elicits CD8 T cell responses of comparable magnitude and diversity. This issue is particularly relevant in light of the facts that VLPs have been used in virtually all NV vaccination trials to date and that, in a recent study by LoBue et al., adoptively transferred CD4 or CD8 splenocytes from mice vaccinated with MNV-CW3 VLPs failed to protect recipients against challenge with the live virus (76) . Finally, an important factor to consider when designing T cell-based vaccines is the optimal site of T cell priming. Specifically, while oral vaccination with VLPs might seem logical, it is not clear whether the generation of long-lasting protective immunity requires T cell priming at mucosal or peripheral sites. For example, MNV-CW3, which is successfully cleared, can be detected in spleens from immunocompetent mice at early time points, while the persistent CR6 strain is limited to mucosal sites (data not shown). Consistent with these observations, our data on the phenotype and differentiation state of responding CD8 T cells suggests a model whereby successful clearance of MNV-CW3 infection is associated with CD8 T cells that are continuously recruited to the mucosa from peripheral sites (Fig. 6) . The MNV system provides a unique opportunity to address these questions, since MNV is capable of establishing infection via both mucosal and peripheral routes.
While persistent NV infection in immunocompromised patients has been well-documented, it is also clear that even immunocompetent individuals can be asymptomatic carriers and shed virus for many weeks (14) (15) (16) (17) (18) . These observations have important implications for both vaccine design and public health measures. Here, we begin to address the question of NV persistence by taking advantage of two closely related MNV strains with different biological behaviors. Our results indicate that persistent MNV-CR6 infection is associated with fewer and less-functional virus-specific CD8 T cells than is MNV-CW3 infection. Contrary to our expectations, we did not observe upregulation of PD-1 on MNV-CR6-specific CD8 T cells (Fig. 6D) , suggesting that a mechanism other than T cell exhaustion might be at play.
It is possible that weak CD8 T cell responses to MNV-CR6 reflect a high viral mutation rate driven by host immune pressure. Indeed, the constant emergence of new NV strains has been well documented and, as mentioned earlier, the most variable regions of the capsid gene encode antibody binding sites (10, 31) . In the case of MNV-CR6, however, it is unlikely that viral escape via antigenic variation accounts for the blunted CD8 T cell response, for two reasons. First, one would expect similar mutation rates for MNV-CR6 and MNV-CW3, the latter of which is cleared rapidly. Second, our phylogenetic analysis indicates that epitope P1 519 is highly conserved, making it an unlikely target for selection. The basis for the high conservation of P1 519 is currently not known, but existing structural data provide some clues. The norovirus capsid molecule consists of three domains, termed S, P1, and P2, and exists in one of three quasiequivalent positions (A, B, and C) (63) . The P domains mediate interactions between individual capsid molecules, leading to the formation of two distinct dimeric forms, A/B and C/C. The S domain, on the other hand, is involved in bringing together a total of 90 A/B and C/C dimers to form the icosahedral viral shell. X-ray crystallographic analysis of Norwalk virus (the prototypic member of genogroup I) has shown that, compared to the C/C dimer, the A/B dimer has a slightly bent conformation that is critical for capsid assembly. The bent conformation of A/B dimers is maintained via hydrogen bond interactions between two Ser residues in the S domain and a conserved Ser and Trp in the C terminus of P1 (77) . Interestingly, the Ser and Trp amino acids involved in this interaction correspond to positions 1 and 2 in epitope P1 519 , providing a potential biological explanation for the sequence conservation in this region (Fig. 4 and Table 1 ). While future studies should examine MNV mutational escape from T cell responses, it is unlikely that the P1 519 epitope is capable of substantial variation due to structural constraints. Therefore, epitope mutation is unlikely to account for the phenotypic and functional differences between responses to MNV-CW3 and MNV-CR6.
A number of viral pathogens establish persistent infection through various strategies of immune evasion. In the case of human papillomavirus, for example, subversion of interferon signaling by the E6 and E7 early genes is one such mechanism (78) . Interestingly, the accessory MNV protein encoded by ORF4 was recently shown to downregulate IFN-␤ signaling, and viral clones with truncated ORF4 had decreased virulence in STAT1 Ϫ/Ϫ mice (13) . Future studies will have to determine whether this protein plays a role in MNV persistence by blunting innate immune responses. Another strategy for immune evasion by HPV relies on decreased processing and presentation of viral antigens through mechanisms such as biased codon usage, nuclear localization of early genes, preferential replication in cells that do not present antigen, and shedding from terminally differentiated keratinocytes to avoid systemic detection (78) . At present, we do not know whether certain strains of MNV, such as MNV-CR6, might employ similar strategies to avoid or minimize detection by T cells. Previous studies have shown that MNV can infect and replicate in macrophages and dendritic cells in vivo; however, these experiments were carried out with a CW3 clone in STAT1 Ϫ/Ϫ animals (79). It would be important to determine whether MNV-CR6 relies exclusively on myeloid cells for persistence in wild-type hosts or whether it has tropism for other cell lineages, such as terminally differentiated intestinal epithelial cells. This question is particularly relevant given the observation that, unlike MNV-CW3, MNV-CR6 is not detected in nonmucosal tissues.
Finally, the difference of a single amino acid in the P1 519 epitope between MNV-CW3 and MNV-CR6 is intriguing, considering the differences in CD8 T cell responses directed against this determinant. This mismatch prevented us from directly testing the functionality of CR6-specific CD8 T cells in our Rag1 Ϫ/Ϫ system, which is based on persistent CW3 infection. The data we present here suggest that cells from CR6-infected donors would fail to control infection in CW3-infected Rag1 Ϫ/Ϫ recipients due to intrinsically impaired T cell functionality; however, such a failure could also be attributed to suboptimal binding between the donor TCR and a noncognate epitope. Interestingly, according to IEDB analysis, both peptides bind to K b with equal affinity (Fig.  3A) . In addition, stimulation of CD8 T cells from MNV-CR6-infected mice with the CW3 peptide P1 519Y did not result in increased numbers of responders (Fig. 3C) , suggesting a degree of cross-recognition of the P1 519Y and P1 519F epitopes. Nevertheless, definitively testing the functionality of CR6-specific CD8 T cells in the context of CW3 infection will require using the molecular genetics afforded by the MNV system to construct MNV-CR6 P1-519F¡Y and MNV-CW3 P1-519Y¡F mutant strains. In this study, we begin to address the immunologic mechanisms underlying NV clearance and persistence. It is likely that insights gained from the MNV model will be applicable to other important human pathogens, such as HIV, influenza, and HPV. Mucosal surfaces not only provide an entry point for these viruses but often serve as reservoirs of persistence. The MNV model allows us to directly compare natural enteric pathogens that, although closely related, result in dramatically different immunologic outcomes. Understanding how adaptive cellular immunity efficiently clears MNV-CW3 and yet allows MNV-CR6 to persist will likely have an impact on the broader field of mucosal immunology.
